Abstract-We present an ultrawideband frequency-modulated continuous-wave radar for airborne measurements of snow thickness. The radar operates over a frequency range of 2-18 GHz and is capable of about 1.4-cm range resolution at a nominal survey altitude of 500 m. The system was installed on a Twin Otter and used to collect data to demonstrate the capability of fineresolution measurements of snow thickness over both sea ice and land near Barrow, AK. Data collected over a relatively smooth water surface, a lead, were used to deconvolve system effects to reduce range sidelobes and obtain close-to-ideal range resolution. Radar data collected over snow covered sea ice and land from the field campaign showed that we can map air-snow and snow-ice interfaces of thin and thick snow. The radar-derived snow thickness data are in a very good agreement with the in situ measured data with a correlation of 0.88.
million km
, which is over 9% of the earth's surface area [1] . Due to its high albedo and relatively low thermal conductivity [2] , snow acts as a natural insulating blanket on the earth's surface. Its presence modulates the heat exchange between the atmosphere, ocean, and land, and effectively modifies the earth's energy balance on a global scale [3] . Snow cover on sea ice also has an impact on the growth rate of sea ice, which could in turn have an influence on the salinity and the circulation of ocean water [4] . This could potentially affect the local and seasonal weather patterns [5] . Snow cover on sea ice acts as a mechanical loading on ice, and such an effect has to be compensated for during the retrieval of sea ice thickness using freeboard estimation methods [6] , [7] . Because of its critical role in the cryosphere, monitoring the spatial and temporal distribution of snow is of great importance [8] , [9] .
A lot of efforts have thus been dedicated to the development and deployment of sensors for wide area surveys of snow [10] , [11] . In particular, the Center for Remote Sensing of Ice Sheets (CReSIS) has developed and deployed, on a regular basis, 2-8-GHz ultrawideband airborne frequencymodulated continuous-wave (FMCW) radars for measurements of snow thickness over sea ice in the polar regions on aircraft from NASA and others [11] . The snow radar on the NASA aircraft is operated over the frequency range of 2-8 GHz [12] . We have also been operating an ultrawideband radar that operates over 12-18 GHz for surface elevation measurements as well as to aid in the interpretation of CryoSat-2 data [13] .
In this paper, we will primarily focus on the description of the new radar hardware development, data processing, as well as preliminary field results. The fundamental principle of using ultrawideband FMCW radars for snow interfaces detection and snow depth retrievals will not be covered in this paper, but readers that are interested in the details can refer to [12] and [14] . In the next section, we will present the new snow radar system design in detail and a performance comparison with the old system. Laboratory characterization of the system performance will be presented and discussed in Section III. Section IV will describe the basic signal processing steps and the techniques to improve the quality of the ultrawideband radar data. Section V will provide some sample data collected from the field. Finally, Section VI will summarize the system performance. 
II. SYSTEM DESCRIPTION

A. Radar Electronics
The snow radar is an FMCW system consisting of four major subsystems: chirp generator, radio frequency (RF) front-end, intermediate frequency (IF) section, and digital acquisition unit. Fig. 1 shows the system block. The chirp generator consists of a direct digital synthesizer (DDS), a frequency multiplier (FM), and a frequency downconverter (FDC). The basic architecture of the chirp generator is designed based on the previous 12-18-GHz system described in [15] . The DDS implemented by a field-programmable gate array generates a 240-μs-long linear frequency modulated baseband chirp over the frequency range of 1.375-2.375 GHz. It is a down-chirp taken from the second Nyquist zone of a digital-to-analog converter sampled at 2.5 GSPS. The baseband signal is fed into an FM chain to obtain a 22-38-GHz (b) RF chirp from 2 to 18 GHz (the oscilloscope can capture only up to 6 GHz). The 18-12 GHz is aliased back to 2-6 GHz at the beginning of the chirp. The aliased 12-6-GHz portion is only barely visible at the middle. chirp, which is then downconverted to the desired 2-18-GHz RF chirp by mixing with a 20-GHz phase-locked oscillator inside the FDC section. The 2-18-GHz chirp is equalized, amplified, and filtered by the RF transmitter section before it is fed to the transmit antenna. The reflected and backscattered signals from the target are captured by the receive antenna, then filtered, and amplified in the RF section of the receiver. The signals are then downconverted with a mixer to the IF by mixing with a sample of the transmit signal. The IF signals, also called beat frequency signals, contain information on target range and scattering and reflecting properties. The beat frequency signals are digitized with a 125-MSPS 14-b analog-to-digital converter (ADC) and stored on an on-board RAID. Because of the finite ADC sampling rate, the received frequency spectrum is divided into an infinite number of Nyquist zones, each having a frequency bandwidth The radar can be operated with a maximum transmit power of 34 dBm. The overall receiver gain (RF plus IF sections) is 60 dB with less than 9-dB variation across the frequency band. The minimum detectable signal of the receiver varies between −125 and −130 dBm over the 2-18-GHz range. The receiver noise figure ranges from 7 dB at 2 GHz to 13 dB at 18 GHz. The receiver has a dynamic range of more than 90 dB to accommodate survey altitudes up to 1500 m. Further details on the ultrawideband chirp generator, transmitter, and receiver design can be found in [15] and [16] . Table I summarizes the system parameters, as well as a comparison with an earlier version of the radar. The theoretical range resolution of the radar is given by c/2B, where c is the speed of light and B is the radar bandwidth. It is 0.94 cm in air and 0.76 cm in typical dry snow with ε r = 1.53.
B. Antenna Configuration
Two 2-18-GHz TEM horn antennas are used as the nadirlooking transmit and receive antennas. The transmit antenna is externally mounted at the nose of the Twin Otter aircraft, while the receive antenna is located in the aft nadir port. Fig. 2 shows the antennas installed on the aircraft. Comparison between the snow radar data over thin snow cover (a) before and (b) after system response deconvolution, and (c) sub-banded to 2-8 GHz to simulate the response of the legacy snow radar. The range axis is calculated using a snow density of 0.3 g/cm 3 (ε r = 1.53).
The two antennas are separated by 6 m. The minimum isolation between the antennas is 80 dB at 2 GHz. The high isolation is obtained not only by spacing the antennas apart, but also by embedding the receive horn antenna in a metallic enclosure buffered with microwave absorber pieces around its perimeter. It is important to maintain a high isolation between the antennas because the direct coupled signal could saturate the receiver and introduce undesirable coherent noise into the system that could affect data interpretation. 
III. LABORATORY MEASUREMENTS
We characterized the radar in the laboratory before installation on the aircraft. We measured the output power spectrum at different stages with a spectrum analyzer. Fig. 3 shows the results of this measurement. The amplitude of the RF chirp at the output of the FM has a downward slope of about 10 dB. This is compensated for with a combination of a passive gain equalizer and a broadband driver amplifier. Fig. 3 shows the measured output spectrum in red with less than ±1 dB variation of the frequency range of interest. The maximum output from the final power amplifier is about 34 dBm with ±3 dB variation across the 2-18-GHz band.
Another important quantity to be characterized is the in-band nonlinear products generated by the series of FMs in the FM stage. To quantify them, we measured the spectrogram of the baseband 1.375-2.375-GHz chirp and the output 2-18-GHz chirp using a 6-GHz 20-GSPS oscilloscope as shown in Fig. 4 . The baseband chirp from the DDS output is a clean down-chirp, and the third-order harmonic is at least −40 dBc. After the FM and the FDC sections, the resulting 2-18-GHz RF chirp is accompanied by in-band intermodulation products (IMPs) near the end of the chirp. They are produced by the first ×4 FM in the FM section. The highest IMP is −15 dBc that occurs at about 170 μs of the chirp. In the later section on data processing, we will see the effect of these IMPs.
We also measured the instantaneous frequency nonlinearity of the RF chirp according to the procedure described in [15] . We used a frequency divider to frequency divide the output RF chirp frequency by a factor of eight to obtain a 0.25-2.25-GHz chirp such that it can be digitized and the frequency linearity examined. Fig. 5 shows the estimated frequency nonlinearity compared with an ideal chirp. The frequency nonlinearity is less than 0.01% for the first 165 μs, and then increases exponentially thereafter because of intermodulation distortion (IMD) and transients introduced by drive level variations for the multipliers. A comparison between the estimated frequency nonlinearity and the spectrogram in Fig. 4(b) reveals that the exponential increase in nonlinearity is indeed due to the occurrence of IMD after 165 μs. After 200 μs, it was found that the frequency divider failed to work properly because of the IMPs.
The primary effect of the frequency nonlinearity is the increased range sidelobes after the down-mixing operation in the receiver [15] . Since the frequency nonlinearity also accumulates as the target range increases, it is the best to perform a full system loopback measurement with a realistic target range. It can be done by simulating a distant point target using a delay line [11] . Fig. 6 shows the loopback measurement result using a 100-m optical delay line and a Hanning window in the fast time. It appears that two minor lobes are on either side of the main target's response and the "first visible lobe" is about −13 dB. The 3-dB resolution of the system is 1.64 cm, after taking into the account of the effect of a Hanning window applied.
IV. DATA PROCESSING
One consequence of the presence of IMPs at the end of the chirp is the increased coherent noise level and degraded range sidelobe levels. Additional signal processing steps can be implemented to significantly reduce these undesirable effects.
In the following sections, we will first describe the general procedures for processing the snow radar data, and then methods for coherent noise removal and range sidelobes' suppression. Samples of final snow radar data products from the field will be presented later in this section.
A. Data Processing Steps
The processing of the 2-18-GHz snow radar data is very similar to that of the earlier snow radar systems operated through NASA IceBridge missions [12] . The processing steps are as follows.
1) Apply a window function to the time-domain beat frequency signal recorded. Typically, a Hanning window is used to reduce the range sidelobes. 2) Take fast Fourier transform (FFT) of the windowed beat frequency signal data to obtain a snow radar echogram [ Fig. 7(a) ]. 3) Perform coherent noise removal as discussed in Section IV-B [ Fig. 7(b) ]. 4) Perform elevation compensation using on-board GPS data to compensate for aircraft altitude change [ Fig. 7(c) ]. 5) Perform system response deconvolution to suppress range sidelobes and improve the clarity of interfaces [ Fig. 7(d) ], as further explained in Section IV-C.
B. Coherent Noise Removal
IMPs could self-mix and/or mix with the backscattered RF chirp at the receiver to produce coherent IF signals that cannot be filtered by the IF filters. These in-band IF signals appear as horizontal parallel lines that are independent of altitude change in the slow-time domain. These lines could sometimes affect data interpretation and retrieval of snow thickness. An example snow radar echogram collected from 500-m above ground level (AGL) with coherent noise is shown in Fig. 7(a) .
Since the coherent noise is independent of flight altitude and remains coherent over large along-track distances, it can be estimated easily using a slow-time mean filter. The estimated coherent noise can then be subtracted from the radar echogram as shown in Fig. 7(b) . The coherent noise is completely removed without leaving any artifacts. It should be noted that this method becomes ineffective if the distance between the aircraft and the snow surface stays completely constant and the snow and ice interfaces are completely smooth. However, such scenario hardly occurs in practice. Typically, the radar data are processed for every 5 km. Since the estimation is only a simple slow-time mean and has insignificant computation time, it is done for every 5-km data frame.
C. System Response Deconvolution
While mean filtering can effectively remove slow-time coherent noise resulting from IMD, the data still suffer from degraded resolution due to range sidelobes as pointed out in Fig. 7(c) . Range sidelobes often arise from system imperfections such as frequency nonlinearity and internal reflections between microwave components. Theoretically, they can be removed by performing system response deconvolution.
Nevertheless, the complete system response is hard to determine because the antenna's transfer function after aircraft platform integration is very difficult to measure on the ground. An alternative way is to measure the system response by flying over natural or man-made calibration targets such as a corner reflector. In sea ice surveys, one excellent natural calibration target is an open water lead between broken sea ice. Under low wind conditions, the lead acts as a smooth planar reflector at the snow radar operating frequencies. For an electrically smooth lead, it can be assumed that the beat frequency signal is a pure sinusoid, the frequency ( f beat ) of which is determined by
where B is the radar's RF signal bandwidth, T pd is the chirp length, H is the survey altitude, and c is the speed of light. By comparing the actual recorded beat frequency signal and a synthetic sinusoid, the system's amplitude and phase response can be extracted. This can be done using a standard adaptive filter such as the least mean square filter [17] . Once the system's response is determined, its inverse can be convolved with the radar data. An example of a typical water lead return is shown on the left of the echogram in Fig. 7(c) . The signal-to-noise ratio (SNR) of return from the lead is usually very high and is more than 40 dB for the current snow radar. Because of the high SNR, range sidelobes can clearly be seen. Fig. 7(d) shows the radar echogram after deconvolution. The range sidelobes at the lead are reduced to an almost unnotable level and the clarity of the air-snow and snow-ice interfaces are significantly improved. Fig. 8 shows another example before and after system response deconvolution on thin snow cover data. The deconvolution applied drastically improved the resolution and clarity of snow-ice interface, which enables the mapping of the thin snow cover. Fig. 9 shows the A-scope of the return of a lead surveyed from 500-m AGL before and after deconvolution. It can be seen that the range sidelobe level increased to about −9 dB in the actual radar being flown (as opposed to the −15 dB shown in the loopback measurement before antenna and platform integration). Nevertheless, after deconvolution, the range sidelobes are reduced to under −20 dB and the main lobe is significantly sharpened. Indeed, the 3-dB range resolution after system response deconvolution is 1.4 cm. This offers the new snow radar the capability to detect very thin snow cover.
One limitation of system response deconvolution is the availability of smooth targets like a calm water lead that has to be greater than at least one Fresnel zone. If a clam water lead is not available, a corner reflector may be used for estimating the system response. From the past data processing experience, it would be ideal if the calibration target data are collected on a daily basis, but generally, one proper calibration target survey flight should be good enough to mitigate the range sidelobes to an insignificant level. It should also be noted that improper estimation of the system's amplitude and phase response would potentially raise the noise floor and reduce the SNR.
D. Sub-Band Processing
Due to the ultrawideband nature of the radar, it is worthwhile to sub-band process the data to examine the scattering characteristics of snow within a particular frequency band of interest. This can be easily done with time windowing of the backscattered beat frequency signal by noting the one-to-one correspondence between time and frequency characteristics of the IF signal and RF chirp. As an example, Fig. 10 shows the comparison between a full-bandwidth data and sub-banded data at 2-8 and 12-18 GHz. The 2-8 GHz sub-banded data were obtained by time windowing the last 90 μs of the IF signal and the first 90 μs for the 12-18 GHz data. These two frequency bands are selected because they were the operating frequency band of the earlier CReSIS's FMCW radars [11] . From Fig. 10 , it can be seen that both of the sub-banded data have degraded range resolution as expected. It is interesting to see that the 2-8-GHz data show a stronger snow-ice interface return than the 12-18-GHz data. This is because the volume scattering over the 12-18 GHz is significantly higher than that at 2-8 GHz. There is also a very slight difference between the air-snow interface because of the difference in the electrical surface roughness.
Finally, we also sub-banded the data presented in Fig. 8 (b) to simulate the legacy 2-8-GHz snow radar to demonstrate the advantage of the 2-18-GHz radar for thin snow measurement. It can be seen that the interfaces are ambiguous at places where the snow thickness is less than 10 cm.
V. FIELD DEPLOYMENT RESULTS
Sample snow radar data collected over selected sites in Barrow, AK, in March 2015 and the corresponding flight lines are shown in Figs. 11 and 12. All data presented here are after coherent noise removal and system response deconvolution. Fig. 12(a) shows the data collected off-shore with snow cover over first-year ice (FYI) (Site A). The snow thickness in this case ranges from about 20 to 30 cm. Snow accumulation over deformed ice was also observed. Fig. 12(b) shows the radar data over thick and rough snow, which is on rough multiyear ice (MYI) (Site B). The snow thickness is more than 50 cm in some locations. Due to the rough interfaces, hyperbolas representing sharp pointed scatterers are seen in the data. The snow-ice interface here is relatively weak compared with the FYI case because of the lower salinity of MYI (hence lower dielectric contrast between snow and ice). Fig. 12(c) shows a case with thin snow cover on sea ice near the coast (Site C). Here, the radar detects snow as thin as 5 cm. This would not have been possible without system response deconvolution. The response over a corner reflector is also included in this data frame. Fig. 12(d) shows the data collected over a freshwater lagoon (Site D). The snow-ice as well as the ice-water interfaces are clearly visible. Finally, snow cover over land (Site E) is shown in Fig. 12(e) . The snow-land interface is clearly identifiable.
Snow thickness data derived from the radar were compared with the in situ data along a 1.6-km survey line near Site C (almost overlapping survey lines). The radar data were collected on March 15, whereas the in situ data were collected on March 16 and 17. There were 332 in situ data points measured over the 1.6-km line. The radar-derived snow thickness was obtained by semiautomated tracking of the air-snow and snow-ice interfaces. Spline interpolation was used to interpolate between picked data points. Since the radar pulse-limited cross-track footprint is 7 m (after windowing) and the along-track footprint is between 12 and 110 m, it is more relevant to apply an along-track averaging to the in situ data as discussed in [18] and [19] . However, as the distribution of snow thickness is typically nonGaussian (it is closer to a lognormal distribution [20] ), we applied a second-order Savitzky-Golay filter of length of nine samples to smooth the in situ data while preserving the pertinent highfrequency components [21] . Fig. 13 shows a scatterplot of the filtered in situ data and the radar-derived data. The correlation between the two data sets is about 0.88. If no filtering is applied to the in situ data, then the correlation drops to about 0.73. The mean snow thickness derived from the radar is 19.2 cm, while the mean of the in situ data is 16.5 cm. The respective standard deviations are 13.5 and 12.7 cm.
The discrepancy between the two data sets could be partially attributed to the accuracy of the presumed snow density, interface tracking, as well as biases in data sampling: in situ measurements can be easily affected by surface nonuniformity, such as in areas with snow drifts, while the radar return is a spatial average over the radar footprint.
VI. CONCLUSION
A 2-18-GHz ultrawideband airborne snow radar is presented in this paper. The system design as well as laboratory characterization of the system is described. The system was deployed to Barrow, AK, in March 2015. The radar data collected over selected sites are presented. The radar has a range resolution of about 1.4 cm from a nominal survey altitude of 500 m. We show that the radar is capable of measuring snow cover with various characteristics, including rough and thick snow and thin snow on sea ice, as well as snow on a fresh-water lagoon and land. The radar-derived snow thickness data showed a very good agreement with the in situ measured data. The correlation between the two data sets is 0.88 over a 1.6-km survey line.
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